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The major technical accomplishments achieved during this project include the followings. First, we acquired an Edmund Buhler's Arc Melter Type AM machine with suction casting capability. The instrument is capable of melting a variety of high melting temperature metallic materials (up to 3,500oC), and perform rapid solidification via suction casting techniques. Second, we used this instrument to fabricate several bulk nanostructured metallic materials. In particular we fabricated bulk nanostructured Fe-Zr alloys via suction casting technique. The as-cast FeZr alloys have nanolaminates, and have extraordinary high temperature thermal stability. Finally we performed in situ radiation studies on the as-cast FeZr alloys have observed excellent radiation resistance in this nanostructured alloys.
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ABSTRACT
This is the final progress report. The objective of this project is to acquire an instrument that enables the fabrication of bulk nanostructured metallic materials via a modified suction casting technique. The ultimate goal is to provide a platform that supports the design and fabrication of nanostructured metallic materials that have superior radiation tolerance. Specifically we will use the instrument to fabricate 1) multiphase bulk nanostructured metallic materials with high strength and ductility, and high temperature thermal stability; 2) nanoscale oxides dispersion strengthened (ODS) alloys.
The major technical accomplishments achieved during this project include the followings. First, we acquired an Edmund Buhler's Arc Melter Type AM machine with suction casting capability. The instrument is capable of melting a variety of high melting temperature metallic materials (up to 3,500 o C), and perform rapid solidification via suction casting techniques. Second, we used this instrument to fabricate several bulk nanostructured metallic materials. In particular we fabricated bulk nanostructured Fe-Zr alloys via suction casting technique. The as-cast FeZr alloys have nanolaminates, and have extraordinary high temperature thermal stability. Finally we performed in situ radiation studies on the as-cast FeZr alloys have observed excellent radiation resistance in this nanostructured alloys.
Final progress report, Sep. 2011 -Sep. 2013, W911NF1110409, Xinghang Zhang, "Acquisition of a Modified Suction Casting Instrument for the Fabrication of Radiation Tolerant Bulk nc metals" 2 Several papers have been published or to be submitted based on the support from this instrumentation. Two Ph.D. students worked on this instrumentation acquisition project and use the fabricated alloys for thermal stability and radiation stability studies. One of them becomes an assistant professor at a university.
Overall objective of the project
We aim to use the suction casting technique to fabricate bulk nanostructured metallic materials, and modify the technique by incorporating oxide nanoparticles so that we can fabricate bulk ODS alloys. To achieve this, we will need to 1) carefully select the composition of alloys; 2) control the cooling rate over a wide range; and 3) effectively incorporate oxide nanoparticles into liquid metals during casting and achieve homogeneity and reproducibility.
Description of acquired instrumentation
We procured the instrumentation fabricated by Edmund Buhler. The instrumentation fabricated by this company has received very positive recommendation by customers internationally and is the instrumentation we purchased has the following characteristics. Additionally, a heating/cooling coil surrounds the vacuum mould to influence the casting temperature. Also the suction casting option includes a water-cooled crucible plate with additional moulds for alloying before casting. In order to ensure homogeneity of alloys, the sample must be turned and remelted several times. In order to increase efficiency, Edmund
Buhler offers a sample manipulator that may be used to turn samples in situ, without opening the chamber as shown in Fig. 2 .2. The lower chamber containing casting mold is connected to a multilevel vacuum system. After completely melt the metal mixtures by melting, the liquid metal is sucked into the mold by opening the gate valve in high vacuum chamber. 
Modification of the suction casting technique -incorporate oxide nanoparticles into liquid metals to cast ODS alloys
This suction casting system provides us unique capabilities to fabricate bulk nanostructured metallic materials. However, it needs modification in order to incorporate oxide nanoparticles to fabricate ODS alloys. We modified the commercial system by adding an extra port through which a rotation load transfer arm can be inserted. A sample boat is attached to the end of the transfer arm. The boat is designed in such a away so that we can incorporate powders into the melted metals. We are in the process of testing this new design.
Installation and usage of the suction casting system
The system was installed in 2012 late summer in Materials Characterization Facility in Doherty 110. Figure 2 .4 shows the panoramic view of the instrumentation and an undergraduate student, who has been trained in using this instrument. We have fabricated a variety of nanostructured alloy using this suction casting system. along phase boundary introduced nanometer thick gaps surrounding the α-Fe grains, which were consequently refilled by diffusion of Fe from nanolaminates, manifested as grain coarsening.
Introduction
The pursuit of strong and thermally stable metallic materials has been an active research subject as such materials may have applications in extreme environments. Nanostructured metals usually contain high hardness, but relatively poor thermal stability than their coarse-grained counterparts. For instance, numerous nanocrystalline (nc) metals, such as Fe [1] [2] [3] , Ni [4] [5] [6] [7] , and Cu [8] [9] [10] [11] [12] , have high strength at room temperature, but upon annealing they typically soften because of rapid grain coarsening. Various strategies have been employed to enhance the thermal stability of nanostructured metals. Certain impurity once segregated to grain boundaries can reduce grain boundary energy and hence improve the thermal stability of nanograins [13, 14] , and the inhomogenous solute distribution [15] can also enhance the thermal stability. The selection of solutes that can effectively enhance thermal stability of nc metals depends on parameters such as atomic size difference, solid solubility etc. Additionally, in tri-phase immiscible nanocomposites (TPIN), the growth of nanograins can be efficiently suppressed because of the immiscibility among each phase, the number of immiscible phases, and abundant triple junctions [16] . Meanwhile, nanotwinned (nt) metals have shown outstanding thermal stability. Because energy of coherent twin boundary is much lower than that of high angle grain boundaries, nanotwinned metals are thermodynamically more stable than nc counterparts [17] [18] [19] [20] .
Immiscible layer interface can also increase the thermal stability of nanolayered materials [21, 22] . Yet bulk nanolayered metallic materials are rarely synthesized or studied. This study FeZr alloy, in many ways, is an interesting system. FeZr amorphous alloys can be used as good soft magnetic materials [23, 24] , and they can be fabricated by melt-spinning [25] , co-sputtering techniques and etc. [26, 27] . The incorporation of Zr into Fe by using ball-milling technique [28] leads to nc FeZr alloys with much higher hardness than pure nc Fe, and grain growth of nc FeZr alloys can be inhibited up to a relatively high temperature. Liu et al. [29] shows that FeZr alloy with eutectic composition exhibits outstanding compressive ductility, ~ 48% is an equilibrium phase at room temperature is still under debate [36, 37] . 
Results
The as-cast (Fig. 8i) .
The microstructure evolution of nanolaminates was also investigated by in situ annealing.
In general the nanolayer morphology remained thermally stable throughout the in situ heating study. In particular we observed an intriguing event involving migration of defect clusters in the -Fe layer. Figure 9a -f show that a defect cluster (outlined in red dash circle) in the -Fe layer adjacent to the boundary between -Fe grain and nanolaminate propagated leftward. The migration of the defect cluster appeared confined in the -Fe layer, and no sign of interaction between the defect cluster and the laminar interface was observed.
A comparison of microstructural stability of various components in FeZr nanocomposites is shown in Fig. 10 after in situ annealing up to 800 o C/1 h. As shown in Fig. 10a , several defect clusters appeared in the -Fe layer in the cellular domains and some gaps were observed surrounding large -Fe grains. In contrast, Fig. 10b shows that the nanolaminates retained the straight laminar interface after annealing under the same condition.
Final 
Discussion
Hardness evolution due to coarsening of microstructures As-cast FeZr nanocomposites contain several major components: straight nanolaminates, cellular domains and large -Fe grains. Nanolaminates, consisting of alternating Fe 2 Zr and -Fe layers, which is the product of eutectic phase transformations, have outstanding thermal stability and mechanical strength. Meanwhile -Fe grains may sustain considerable ductility in the nanocomposite. Hence the interesting combination of these two structural motifs may render high strength and ductility in nanocomposites [38] .
The hardness of the nanocomposites with multiple components may be estimated from a simple rule-of-mixture method as follows: of -Fe grains should be also ~ 40%, which agrees well with 43%, measured experimentally from SEM analysis.
The hardness of as-cast FeZr cylindrical specimen is greater than that cast by plate mold.
The volume fraction and average grain size of -Fe grains in both specimens are very close to each other. However the average laminar thickness for the cylindrical specimen is ~ 35 nm, much smaller than that cast by plate mold, ~75nm. Such difference in layer thickness arises from the difference in cooling rate during rapid solidification process. The cylindrical specimen has smaller volume and greater surface thus solidification time is ~ 40% shorter that achieved in the plate mold according to Chvorinov's rule [42] (assuming the mold constant is identical for both molds). A higher quenching rate leads to smaller average laminar thickness, which in turn induces greater hardness in metallic nanolaminates [43] [44] [45] [46] [47] . Consequently the hardness of the cylindrical specimen is greater than that of the plate specimen.
Prior studies show that the hardness of ECAPed UFG Fe quickly decreases beyond 250 o C 
Thermal stress induced plastic yielding of large -Fe grains due to nucleation of dislocations
In situ heating studies (Fig. 8) show several distinctive events in -Fe grains, including The nucleation of dislocations will be examined first. It is well known that under external stress, dislocations can nucleate in metallic materials, signaling the plastic yielding of grains. During in situ heating study, however, there is no external applied stress. Hence it is necessary to evaluate the sources of stress that lead to the observed nucleation of dislocations in -Fe grains. We hypothesize that one of such sources could be thermal stress.
TEM studies show that large -Fe grains are typically surrounded by a thin layer of Fe 2 Zr (Fig. 2, Fig. 3 (Fig. 8) when dislocations begin to nucleate as evidenced from in situ studies, the thermal stress is estimated to be ~ 670 MPa.
Next, we need to estimate the yield strength of large -Fe grains via Hall-Patch relation: show that the softening of FeZr nanocomposites gradually starts from 700 o C (Fig. 4) .
A schematic illustrating the microstructural evolution of the FeZr nanocomposite is shown in Fig. 11 . The FeZr nanocomposite contains -Fe grains embedded in the nanolaminate and cellular matrix (Fig. 11a) , and a nearly continuous Fe 2 Zr phase boundary separates the -Fe grains from laminar/cellular components. Beyond a critical temperature T 1 (Fig. 11b) , dislocations are nucleated as TEC mismatch induced stress exceeds the yield strength of -Fe 
Abstract
Enhanced irradiation tolerance in crystalline multilayers has received significant attention lately. However, little is known on the irradiation response of crystal/amorphous nanolayers. We [23] pointed out that layer interfaces can act as effective defect sinks for irradiation induced point defects. [24] Thus the size dependence is because that smaller h gives rise to greater interfacial area per unit volume, which provides more sinks to irradiation induced point defects and clusters.
The nature of such sinks is not quite well understood to date as there are only a handful of studies on irradiation damage in nanolaminates with different types of interfaces. In general these studies can be classified into systems with miscible and immiscible interfaces. Miscible interfaces are prone to irradiation induced mixing and hence may be less effective to sustain irradiation damage at higher dose and temperature. [21, 22] In immiscible systems, several types of interfaces have been investigated, such as fcc/bcc, [12, 14] bcc/bcc [22] and fcc/fcc [19, 25] , where fcc and bcc stand for face-centered cubic and bcc-body centered cubic, respectively. The In situ irradiations performed while imaging with a transmission electron microscope provides important insights for investigating dynamics of defect-defect and defect-interface interactions thanks to real-time observation of microstructural evolution in irradiated materials.
Numerous phenomena have been observed using in situ irradiation technique, such as anisotropic void formation in Mg, [26] irradiation induced grain growth in Fe and Zr, [27] defect absorption by triple junctions in nc Ni, [28] defect removal by twin boundaries (TBs) and the irradiation induced TB migrations in nanotwinned metals, [29, 30] and defect migration kinetics in nanoporous metals [31] [32] [33] . Meanwhile several in situ mechanical testing studies are also available [34, 35] .
Most prior studies on multilayers focused on thin films (several µm in thickness), whereas the application in nuclear reactors typically calls for bulk nanocomposites. The as-casted alloy ingots were cylindrical rods with a diameter of 3 mm. Samples for transmission electron microscopy (TEM) study were transversely cut from the rod to avoid contamination from crucible, followed by mechanical grinding, chemical etching and polishing.
The TEM specimens were then irradiated using Intermediate Voltage Electron Microscope (IVEM) facility at Argonne National Laboratory where a Hitachi H-9000NAR microscope was equipped with a TANDEM accelerator. TEM specimens were irradiated with 1 MeV Kr ++ ions up to 2 dpa (corresponding to a dose of 4×10 14 ions/cm 2 ) at room temperature. The beam size was ~ 1.5 mm (without rastering) and was able to cover the entire thin area of TEM specimens during irradiation. A Tecnai F20 transmission electron microscope was operated at an acceleration voltage of 200 keV to examine the microstructure before and after the irradiation experiments.
STEM and energy-dispersive X-ray spectroscopy (EDX) analyses were conducted by using high-angle annular dark-field (HADDF) and Oxford detectors attached to the aforementioned TEM microscope. As-casted specimens contained three major components: cellular zone, nanolaminates and large -Fe grains as shown in transmission electron microscopy (TEM) micrograph in Figure 1a .
The volume fraction ratio of large grains to eutectic phase is ~ 2 to 1. The selected area diffraction (SAD) pattern of the nanolaminate in the box in Figure 1a shows two major phases:
α-Fe (examined from <110> zone axis) and fcc-like Fe 2 Zr (C15 type Laves phase with Mg 2 Cu as prototype) along <112> zone axis ( Figure. Moreover, the inserted SAD pattern shows a diffuse ring indicating the amorphization of Fe 2 Zr.
An HRTEM micrograph in Figure 2d shows significant amorphization of Fe 2 Zr adjacent to interfaces in nanolaminates (see supplementary Figure S3 for more details).
Statistical studies (in Figure 2e) show that defect density in large Fe grains increased rapidly during the initial stage of irradiation, and appeared to reach saturation by ~ 1.25 dpa, whereas defect density in Fe layers within nanolaminates was much lower and barely varied up to 2 dpa.
Meanwhile in large Fe grains, defect size increased monotonically with dose to ~ 60 nm at 2 dpa defects. Excess free volume at misfit dislocations can act as sinks to point defects. This mechanism has been proposed to explain size dependent reduction of defect density in Kr ion irradiated Ag/Ni, [25] and He irradiated Cu/Nb, [12] Cu/V [16] and Fe/W [22] multilayers.
However, unlike the previously observed rapid migration of defect clusters toward layer interface in Ag/Ni system, we observed, through in situ studies, an interesting unexplored mechanism through which defect clusters were removed in -Fe nanolayers (channels) in nanolaminates with crystal/amorphous layer interfaces.
In situ TEM snap shots in Figure 4a capture one such typical defect annihilation process in The mechanism of such a defect annihilation mechanism is shown schematically in Figure   4b . First, defect clusters in Fe layers can evolve into a larger dislocation loop confined by crystal/amorphous layer interfaces. Mobile dislocation loops can migrate over hundreds of nm in long narrow -Fe layers (channels), wherein point defects of the same (opposite) nature are collected or removed (Figure 4b1 ). Meanwhile such mobile interstitial loops may eventually encounter and annihilate vacancy loops in the channel (Figure 4b2 ). Thus these mobile interstitial loops could act as "sweeper" in Fe layer to wipe out most other immobile defect clusters before they are annihilated by loops with opposite Burgers vector. In contrast in large -Fe grains, the dimension and density of defect clusters increase monotonically with dose as there is insufficient defect sinks to absorb these defects. In the cellular zones, the defects are This study provides an encouraging outlook on the implementation of crystal/amorphous interfaces in the design of bulk irradiation tolerant nanocomposites for extreme irradiation environments.
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Near term plans
We plan to perform the following tasks by using the instrumentation.
1) Fabricate bulk nanostructured metals
2) Fabricate bulk metals with the incorporation of oxide nanoparticles 3) Perform mechanical testing on the fabricated bulk nanostructured alloys.
